To determine whether bucolome (5-n-butyl-1-cyclohexyl-2,4,6-trioxoperhydropyrimidine), a nonsteroidal anti-inflammatory agent, can reverse diuretic resistance of furosemide in patients with nephrotic syndrome, we examined the inhibitory effect of bucolome on the protein binding of furosemide in serum and urine. Bucolome significantly inhibited the protein binding of furosemide not only in serum but also in urine of preparation albumin (UPA), which mimics urinary albumin concentration in patients with nephrotic syndrome by ultrafiltration method. The binding percentage of furosemide to albumin was approximately 70% in UPA. With coadministration of bucolome to healthy volunteers, renal clearance of furosemide was increased, reflecting the increase of the free fraction of furosemide in serum. Furthermore, coadministration of bucolome caused a significant increase of urine volume and sodium concentration in urine. Even at higher urine levels of furosemide, the inhibitory effect of bucolome on the protein binding of furosemide in UPA remains constant, and changes in pH at weakly acidic pH levels (pH 5.5-6.5) did not alter the inhibitory effect of bucolome. Interestingly, coadministration of bucolome with furosemide in doxorubicin (Adriamycin)-induced nephrotic syndrome model rats alleviated the diuretic resistance. These results suggest that bucolome has a potent inhibitory effect on the protein binding of furosemide in the urine and can partially restore the diuretic response of furosemide in patients with nephrotic syndrome by increasing the free fraction of furosemide at the site of action.
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Attenuated response to diuretics is frequently observed in patients with nephrotic syndrome (Green and Mirkin, 1980; Keller et al., 1982; Smith et al., 1985; Kirchner et al., 1990 Kirchner et al., , 1992 Wilcox, 2002) . Dose-response analysis comparing urinary excretion rates of diuretic and sodium has demonstrated that nephrotic patients are less responsive to a given dose of drug than healthy subjects (Smith et al., 1985) . It has been proposed that this blunted response is due to tubular resistance to the natriuretic effect of loop diuretics. Another possible contribution to diuretic resistance in patients with nephrotic syndrome is suggested by the finding that furosemide readily binds to albumin in serum (Takamura et al., 1996 (Takamura et al., , 1997 (Takamura et al., , 1998 , which implies that it also binds to albumin in urine. Since the protein-bound fraction of a drug is considered to be inactive (Martin, 1965; Meyer and Guttman, 1968; Vallner, 1977) , binding of furosemide to urinary albumin would decrease the effective drug concentration by reducing its unbound fraction at its site of action in the thick ascending limb of Henle's loop. This suggests that binding inhibitors for furosemide can normalize the natriuretic effect of the drug in renal tubules.
To have a significant renal effect, a protectable inhibitor should have the following properties: 1) it should be a potent inhibitor of the protein binding of furosemide in urine; 2) when administered in large doses, its plasma concentration should reach high levels; 3) it should be excreted mainly in urine; and 4) it should be highly safe and suitable for repeated administration. Kirchner et al. (1991) reported that binding inhibitors such as warfarin and sulfisoxazole alleviated the blunted response to furosemide in rats in their in vivo loop microperfusion experiments. However, warfarin is eliminated by metabolism rather than urinary excretion, despite it has high affinity for albumin (Kragh-Hansen, 1981; Maes et al., 1982) . In addition, warfarin can only be administered in small doses. Some sulfa drugs, including sulfisoxazole and sulfamethizole, are eliminated mainly by urinary excretion but have low affinity for albumin (binding affinity, nK ϭ 1 ϫ 10 4 M Ϫ1 to 5 ϫ 10 4 M Ϫ1 ) (Vallner, 1977; Kragh-Hansen, 1981) , suggesting that these drugs would not be effective in restoring the blunted response to furosemide in patients with nephrotic syndrome (Agarwal et al., 2000) .
Previously, we reported that furosemide binds to site I on human serum albumin (HSA), which is one of the major binding sites for drugs on HSA. Also, we found that valproic acid, phenytoin, and bucolome inhibited binding of furosemide to HSA (Takamura et al., 1996) . Bucolome, a nonsteroidal anti-inflammatory drug, can be administered in large doses (600 -1200 mg/day); its plasma concentration reaches about 300 M, and it is excreted mainly in urine (Kakemi et al., 1970; Yashiki et al., 1971a,b; Chiba et al., 1985) .
In the present study, we investigated the effects of bucolome on the pharmacokinetics and pharmacodynamics of furosemide in healthy subjects and doxorubicin (Adriamycin)-induced nephrotic syndrome model rats. First, we studied the effects of bucolome on protein binding of furosemide in serum and urine, and found that bucolome is an effective binding inhibitor for furosemide. Moreover, we found that coadministration of bucolome affects the pharmacokinetics of furosemide, based on the inhibition of protein binding, suggesting an increased natriuretic effect of the diuretic. These results suggest that bucolome can alleviate diuretic resistance in patients with nephrotic syndrome.
furosemide. In separate experiments, free furosemide concentration in humans was determined by ultrafiltration techniques.
The concentration of furosemide in serum was determined using the HPLC system described above. An Inertsil ODS column (5 m) (GL Sciences Inc., Tokyo, Japan) was used as the stationary phase. A 0.2-g aliquot containing the internal standard, ethyl p-hydroxybenzoate, was added to 0.1-ml serum samples. This mixture was vortexed, followed by addition of 0.5 ml of 1 M potassium dihydrogenphosphate and 3 ml of diethyl ether. The mixture was shaken for 10 min and then centrifuged (3000 rpm) for 10 min. The upper layer (2 ml) was transferred to a clean test tube and evaporated under nitrogen to dryness. Then, 250 l of mobile phase was added to the tube, and the resultant mixture was injected into the HPLC apparatus. HPLC was performed at a flow rate of 1.1 ml/min at 40°C with a column oven, using 50 mM potassium dihydrogenphosphate/acetonitrile (68:32 v/v) as the mobile phase for furosemide (retention time, 8.0 min). A UV monitor was used to assay for furosemide and ethyl p-hydroxybenzoate, at a UV wavelength of 270 nm for both.
Analysis of In Vitro Binding of Furosemide. Binding parameters were estimated by fitting the experimental data to the following equation using a nonlinear least-squares computer program (MULTI) (Yamaoka et al., 1981) : 
where Competitive displacement between ligands is indicated by ϭ 0. In this analysis, r Ͻ 0.42 was used to suppress the contribution of a low-affinity binding site. Inhibition of furosemide binding by bucolome was estimated from monitored changes of the free ligand fraction, f u , which was calculated as follows:
Pharmacokinetics of Furosemide in Normal and Nephrotic Syndrome Model Rats. Adult male Wistar rats were housed in an air-conditioned room with free access to commercial feed and water, and fasted for 16 h before the abdominal aorta injection. All animal experiments were conducted according to the guideline principle and procedures of Kumamoto University for the care and use of laboratory animals. Experimental nephrotic syndrome was induced in rats by administration of Adriamycin in a single injection (7.5 mg/kg) via the tail vein (referred to as nephrotic syndrome model rats, or NS rats) (Bertani et al., 1982) . Control rats were injected with isotonic saline. Male Wistar rats (250 -290 g; 2 weeks after i.v. administration of Adriamycin or saline) underwent the surgical procedure under light anesthesia with diethyl ether. A cannula was inserted into the femoral vein and artery, using polyethylene tubing (polyethylene-50; i.d., 0.58 mm; o.d., 0.9655 mm; BD Biosciences, San 597 BUCOLOME ADVANCES THE DIURETIC EFFECT OF FUROSEMIDE at ASPET Journals on October 29, 2017 dmd.aspetjournals.org Jose, CA). The bladder was also cannulated with polyethylene tubing (polyethylene-8; o.d., 2.33 mm; Hibiki Co., Tokyo, Japan.). The body temperature of the rats was maintained by heating with a lamp. Thirty minutes before the i.v. injection of furosemide, control samples of urine were collected. Furosemide was administered at a dose of 2 mg/kg by rapid infusion into the femoral vein, alone or 1 h after oral pretreatment with bucolome considering the pharmacokinetics of bucolome (t max of bucolome in rats ϭ 53.5 min, data not shown). After infusion, the cannulae were flushed with a small volume of heparinized saline, to ensure that the complete dose was administered and to prevent the formation of clots. Blood samples (200 l) and urine were taken from the femoral artery and bladder, respectively, at designated times. The blood was placed in graduated microcentrifuge tubes (0.6 ml) that contained a drop of heparinized saline as an anticoagulant. The blood samples were centrifuged (1500g for 10 min), and the plasma was removed.
Plasma concentration profiles were analyzed by fitting the following biexponential equation with the nonlinear least-squares method (MULTI):
Pharmacokinetic parameters were calculated using the following equations:
CL tot ϭ Dose/AUC (7)
where AUC 0-ϱ, CL tot , and t 1/2␤ represent AUC from zero to infinity, total body clearance, and half-life of the ␤ phase, respectively. Statistical Analysis. Student's t test was used to analyze differences between two groups. Analysis of variance was used to analyze differences among more than two groups, and the significance of difference between two means in these groups was evaluated using the modified Fisher's least-squares difference method.
Results

Effect of Bucolome on the Protein Binding of furosemide In
Vitro. To estimate the effect of bucolome on the protein binding of furosemide, we have measured the free fraction of furosemide in human serum in the absence and presence of bucolome. Protein binding of furosemide (20 M) was significantly inhibited by 300 M bucolome, and f u of furosemide in the presence of bucolome (f u ϭ 3.00 Ϯ 0.12%) was approximately 3-fold greater than the value in the absence of bucolome (f u ϭ 1.10 Ϯ 0.09%). Figure 1 shows the results of a quantitative analysis of mutual displacement between furosemide and bucolome. The kinetic binding constant (n 1 ⅐ K 1 ) of furosemide on the binding to HSA was reported to be 2.0 ϫ 10 5 M Ϫ1 (Takamura et al., 1996) , and that of bucolome was determined to be 1.5 ϫ 10 6 M Ϫ1 (data not shown). Taking their parameters into consideration, a 60 M concentration of these ligands will inhibit the binding to albumin. In this condition, the binding isotherm of furosemide in the presence of bucolome, and vice versa, was fairly close to the theoretical curve that assumed competition between these two ligands at a common site.
Effect of Bucolome on the Pharmacokinetics of Furosemide in Healthy Volunteers. Table 1 summarizes the pharmacokinetic parameters of furosemide after intravenous administration (20 mg) with and without oral coadministration of bucolome (600 mg) in healthy volunteers. In the group with coadministration of bucolome, AUC decreased significantly, and CL tot , renal clearance (CL r ), and steady-state volume of distribution (V dss ) increased significantly. However, t 1/2␤ was unchanged. These results suggest that the alteration of pharmacokinetics of furosemide was caused by inhibition of protein binding by bucolome. In fact, at 5, 10, and 15 min after administration of furosemide, the free fraction of furosemide increased significantly in the group with coadministration of bucolome (Fig. 2) .
Effect of Bucolome on the Natriuretic Effect of Furosemide in
Healthy Volunteers. To evaluate the pharmacodynamics of furosemide, urine volume and sodium concentration in urine were measured at 6 h after intravenous administration of furosemide. As mentioned above, in the group with coadministration of bucolome, renal clearance of furosemide was increased (Table 1 ). This result is consistent with the significant increase of urine volume and sodium concentration in urine ( Table 2) .
Effect of Bucolome on the Protein Binding of Furosemide in Urine. To restore the diuretic response in patients with nephrotic syndrome, a binding inhibitor (bucolome) must displace the diuretic (furosemide) in urine containing a high concentration of albumin. To determine whether bucolome inhibits the protein binding of furosemide in urine, ultrafiltration was performed using artificial nephrotic urine, which contains a level of albumin equivalent to that of patients with nephrotic syndrome. The results indicate that bucolome inhibited the protein binding of furosemide in the artificial nephrotic urine (Fig. 3A) . This inhibition was not affected by changes in the pH of urine that simulated the acidosis that occurs in nephrotic syndrome (Fig. 3B) . Takamura et al., 1996) ; bucolome, n 1 ⅐ K 1 ϭ 1.5 ϫ 10 6 M Ϫ1 ].
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Effect of Bucolome on the Pharmacokinetics of Furosemide in Normal Rats. Table 3 summarizes the pharmacokinetic parameters of furosemide after intravenous administration (2 mg/kg) with and without oral coadministration of bucolome in normal rats. An increase in the dose of bucolome caused a significant decrease of AUC, and a significant increase of CL tot , CL r , V dss , and f u .
To confirm whether furosemide and bucolome share the same binding site on RSA, we studied the interaction between furosemide and bucolome. In vitro binding analysis indicated that bucolome inhibited the binding of furosemide competitively (data not shown). Furosemide and bucolome have approximately the same affinity for RSA (furosemide, K a ϭ 4.30 ϫ 10 6 Ϯ 0.64 ϫ 10 6 M Ϫ1 ; bucolome, K a ϭ 6.63 ϫ 10 6 Ϯ 1.79 ϫ 10 6 M Ϫ1 ). The affinity of furosemide for RSA was greater than its affinity for HSA [primary binding affinity K 1 ϭ 2 ϫ 10 5 M Ϫ1 (Takamura et al., 1996) ], whereas bucolome had approximately equal affinity for RSA and HSA (K 1 ϭ 1.5 ϫ 10 6 M Ϫ1 ). The strong agreement between these findings and the pharmacokinetics and binding mode of furosemide in human and rats suggests that the present NS rats constitute a relevant model for analysis of interaction between furosemide and bucolome.
Effect of Bucolome on the Diuretic Effect of Furosemide in Normal and NS Rats. Adriamycin-treated rats exhibited symptoms of nephrotic syndrome. In NS rats, serum albumin was significantly decreased, and urinary albumin was markedly increased (Table 4) . Body weight was significantly decreased in NS rats, and hematocrit and urine volume tended to be lower in NS rats than in normal rats.
To evaluate the effect of bucolome on diuretic resistance in NS rats, urine volume and furosemide excretion into urine were measured. Urine volume increased with increasing dose of bucolome, which is consistent with the significant increase of urinary excretion of furosemide in normal rats (Fig. 4 , A and C). Although NS rats exhibited attenuation of diuretic response, compared with normal rats (Fig. 4 , C and D), diuretic resistance was restored by oral coadministration of bucolome, accompanied by an increase of urinary excretion of furosemide (Fig. 4, B and D) .
Discussion
Attenuated diuretic response is frequently observed in cases of chronic administration of furosemide (Green and Mirkin, 1980; Keller et al., 1982; Smith et al., 1985; Kirchner et al., 1990 Kirchner et al., , 1992 Wilcox, 2002) . It is thought that a possible cause of this attenuation is a decrease of circulating blood volume and glomerular filtration rate, which leads to a decrease in the concentration of sodium ions in the thick ascending limb of Henle's loop and a compensating increase of sodium reabsorption in the distal tubule (Loon et al., 1989) . However, in nephrotic syndrome, because a great amount of albumin is present in urine, furosemide may bind to albumin rather than to the Na ϩ -K ϩ -2Cl Ϫ cotransporter, decreasing its effectiveness (Green and Mirkin, 1980; Keller et al., 1982; Smith et al., 1985; Kirchner et al., 1990 Kirchner et al., , 1992 Wilcox, 2002) . This suggests that diuretic resistance can be restored by effective inhibition of furosemide-albumin binding, which should cause an increase of the free concentration of furosemide in renal tubules. The binding inhibitor should possess the following properties: 1) it is a potent inhibitor of the protein binding of furosemide in urine; 2) when administered in large doses, its plasma concentration reaches high levels; 3) it is primarily excreted in urine; and 4) it is highly safe and suitable for prolonged administration. In a previous study, we demonstrated that valproic acid, phenytoin, and bucolome, which all bind to site I, inhibited the protein binding of furosemide when administered at typical clinical doses (Takamura et al., 1996) . Bucolome, a nonsteroidal anti-inflammatory drug, is usually administered in large doses (600 -1200 mg); its plasma concentration is typically about 300 M, and it is primarily eliminated by urine excretion (Kakemi et al., 1970; Yashiki et al., 1971a,b; Chiba et al., 1985) . It has been reported that bucolome does not affect urinary enzyme activities, suggesting that any nephrotoxicity of bucolome would be very low-level (Tsurumi et al., 1978) . Also, bucolome has been used to treat nephrotic syndrome patients in warfarin-bucolome combination therapy (Sato et al., 1991) . Thus, it appears that buco- 
Urine volume and urinary excretion of sodium for 6 h after single intravenous injection of furosemide to healthy volunteers alone (A) and with bucolome (B)
Each value represents the mean Ϯ S.D. (n ϭ 3).
Furosemide Alone With Bucolome
Urine volume (liters) 1.23 Ϯ 0.15 1.48 Ϯ 0.12* Urinary sodium (mM) 7.89 Ϯ 0.60 11.0 Ϯ 1.35* lome is suitable for treatment of nephrotic syndrome patients, despite the need for careful monitoring of renal function. The diuretic resistance caused by decreased levels of the active form (i.e., unbound form) of furosemide in urine can be alleviated by inhibiting protein binding of furosemide, which increases the amount of free furosemide delivered to the site of action. In the present study, when bucolome was administered with furosemide in healthy volunteers, the free fraction of furosemide in plasma increased (Fig. 2) , as predicted by the in vitro data (Fig. 1) . The free fractions of some ligands were slightly influenced by the temperature (Melten et al., 1986) , suggesting that the present protein binding obtained by ultrafiltration at 25°C might be greater than that at 37°C. However, in terms of the qualitative analysis, it is suggested that bucolome inhibits the binding of furosemide under in vivo physiological conditions. Therefore, a decrease in the AUC and an increase in the CL tot and V dss would be due to the decrease in the protein binding of furosemide (Table 1) . Also, the natriuretic effect of furosemide was reinforced by coadministration of bucolome (Table 2) . We hypothesize that the alterations of these pharmacokinetic parameters were caused by the increase in the amount of furosemide available for the hepatic metabolism and renal excretion, followed by the increase in the free fraction of furosemide. The increase of renal clearance of furosemide resulted in the increase of the amount reaching the site of action (Table 1) , the Na ϩ -K ϩ -2Cl Ϫ cotransporter and induced the acceleration of the diuretic effect (Table 2) .
Even though the amount of furosemide reaching the site of action was increased by the coadministration of bucolome, unless the protein binding of furosemide in urine is inhibited, the blunted response to furosemide may not be alleviated in patients with nephrotic syndrome. In the present study, accurate concentrations of drugs tested in the nephrotic loop could not be estimated. However, considering the pharmacokinetic parameters of furosemide (Table 1) and bucolome (Yashiki et al., 1971a,b) , their urinary concentrations were expected to reach about 30 and 500 M, respectively. Additionally, the clinical dose of furosemide is often increased in patients with nephrotic syndrome. Therefore, we assumed that urinary concentrations of furosemide and bucolome in the renal tubules were 30 or 60 M, and 500 M, respectively (Fig. 3A) , although they would be more concentrated than the artificial urine used in this experiment. As a result, we demonstrated that bucolome effectively inhibited the protein binding of furosemide, even in urine. Sulfamethizole and sulfisoxazole, which bind to site I of HSA, did not inhibit the protein binding of furosemide in urine, even at doses of 1 mM, although they inhibit binding effectively in plasma (data not shown). This suggests that it is important for the binding inhibitor to possess the high affinity for albumin exhibited by bucolome (n 1 ⅐ K 1 ϭ 1.5 ϫ 10 6 M Ϫ1 ). In addition, as an inhibitor for protein binding of furosemide in urine, bucolome has the advantage that its effects are not altered by changes in pH (Fig. 3B) or the presence of other drugs, including sulfamethizole and sulfisoxazole. The binding percentage of furosemide in artificial urine was about 70% (Fig. 3A) , which was lower than the percentage in plasma (about 99%), suggesting that alteration of pH between urine and plasma, and/or endogenous inhibitors, such as fatty acid, uremic toxins, and eicosanoids, may be involved in the protein binding of furosemide in the urine (Kragh-Hansen et al., 2002) .
Interestingly, we found that coadministration of bucolome with furosemide in Adriamycin-induced NS rats alleviated the diuretic resistance (Fig. 4) . It has been repeatedly shown that the urinary concentration of loop diuretic is the best index of drug concentration at the intraluminal site of action in the thick ascending limb of Henle's loop. Also, there are publications for furosemide that depict urine output versus excretion rates to better reflect the pharmacodynamics (Green and Mirkin, 1980; Keller et al., 1982; Smith et al., 1985; Kirchner et al., 1990 Kirchner et al., , 1992 Wilcox, 2002) . In the present study, promotion of diuretic effects by bucolome was accompanied by an increasing urinary excretion rate of furosemide (Fig. 4) , suggesting an increase in the amount of furosemide delivered to the site of action. These results are in good agreement with the present findings for FIG. 4 . Urinary excretion of furosemide (A and B) and urine volume (C and D) after i.v. administration of furosemide to normal (A and C) and Adriamycin-treated rats (B and D) alone and with bucolome. Bucolome was orally coadministered (E, 0 mg/kg; F, 10 mg/kg; OE, 15 mg/kg; f, 20 mg/kg) with a single intravenous injection of furosemide (2 mg/kg) to normal and Adriamycin-treated rats. Each point represents the mean Ϯ S.D. (n ϭ 4 -9). ૺ, p Ͻ 0.05; ૺૺ, p Ͻ 0.01 versus furosemide alone.
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at ASPET Journals on October 29, 2017 dmd.aspetjournals.org healthy subjects, suggesting that this therapeutic strategy can restore the diuretic response to furosemide in patients with nephrotic syndrome. The affinity of furosemide for RSA was higher than its affinity for HSA, although bucolome had approximately equal affinity for RSA and HSA. The inhibitory effect of bucolome on the protein binding of furosemide in plasma and urine is likely to be stronger in humans than rats, suggesting that bucolome has a greater effect on the diuretic properties of furosemide in patients with nephrotic syndrome than in NS rats. On the other hand, the mean urine volume attained by the coadministration of bucolome (20 mg/kg) with furosemide in the NS rats (Fig. 4D, 395-753 l) was still less than that observed in normal rats (Fig. 4C, 1352-2103 l) , although coadministration of bucolome with furosemide doubled the urinary excretion of furosemide at 3 h postdose (Fig. 4, A and B) . Thus, the present limited data suggested that coadministration of bucolome with furosemide may partially restore the diuretic resistance in the nephrotic rats. A critical element of the present strategy is to increase the amount of free furosemide delivered to the site of action. In the condition of repeated administration, that is, the clinically relevant situation, high concentrations of furosemide and bucolome would be maintained in the urine. Therefore, the inhibitory effect of bucolome by chronic dosing may be more possibly generated compared with that by single dosing.
The present results suggest that coadministration of bucolome can partially reverse the diuretic resistance of furosemide in patients with nephrotic syndrome. These findings may lead to an effective clinical therapy for alleviation of diuretic resistance of furosemide in nephrotic syndrome.
